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Chapter 1
INTRODUCTION

G. L. Harvey
F. A. Rosell

A. OBJECTIVE

The purpose of this book is to provide an overview of radiometric and photcmetric con-
cepts involved in thermal imaging systems. Governing cquations are derived from simple fun-
damenta!l concepis. Also, models used for the visual discrimination, i.e.. detection, recognition,
or identification, of real scene objects are discussed.

It is hoped that the material in the text will be useful to forward-looking infrared radar
(FLiR) designers, evaluators, and thermal imaging system modelers, as well as those whose
sole interest is a grasp of the concepts involved in thermal imaging.

B. OVERVIEW OF THE CHAPTERS

This chapter contains an overview of the content and significance of the following
chapters. The reporl is structured so that the appendixes present the basic definitions and
mathematical tools which are used in the preceding discussion. The nature of the targel signa-
ture is considered first. Then its modification by the atmosphere, its processing by the FLIR
system, the interpretation of the displayed information by a human observer, and the use of
these systems in a dynamic environment in which the problems of search and limited time for
the completion of assigned tasks must be considered.

1. Characterization of the Thermal Scene (Chapter I1)

The scene, because of variations in either temperature or emissivity, is the source of most
of the radiation sensed by thermal imaging systems sensitive in the 3 to § or 8 to 14 microme-
ter spectral bands. Most of the scene objects obtain their energy from the Sun, and even man-
made objects such as trucks appear very much like trucks on thermal imaging system displays
when heated by external sources. However, the thermal images of trucks may appear radically
different when heated by their own internal sources such as engines or comfort heaters. The
detailed calculations of thermal scens object-to-background contrast are veiy complex and
beyond the scope of this report. However, the results of a number of such calculations are dis-
cussed. In particular, it is shown that thermal object-lo-background signatures are strongly
dependent upon cloud cover. the insolation, and the aspect angles between the viewer, the
scene object, and the Sun and sky. A ship on the open sea, for example, can reverse in con-
trast a number of times when viewed from a low flying aircraft as the ~ircraft approaches from a
long distance and then overflies the ship. The background may be the horizon sky, low-
emissivily water viewed at a shallow angle. high-emissivity waler viewed directly downward, or
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even mirrored sky. The ship's temperature may also be greater than the ambient air or water
temperature in the daytime and smaller at night,

In system design and analysis, it has been common practice to assume an equivalent scene
object and background of unit emissivity. The temperature of the scene object is averaged over
the object’s area and, similarly, the temperature of the background is averaged over a patch
equal to the scene object’s area. The only information used is a single numerical value for the
object-to-background temperature differential and the object’s dimensions. Thus all tempera-
ture gradients within the object and background are ignored. In the case of a hot spot on the
scene object, ignoring large temperature gradients may lead to pessimistic detection ranges and
optimistic recognition ranges. Similarly background gradients may constitute clutter with noise-
like properties. Tn addition, temperature differentials are sometimes averaged over a 24-hour or
some other fairly long time period. While, as a practical matter, it is often necessary to make
gross simplifying assumptions for the purpose of comparing competing systems of the same
type, it will become clear in Chapter II that the use of some assumptions can lead to enormous
errors when computing the probabilities of visually discriminating displayed thermal scene

objects in a dynamically changing environment,

Though existing computer models can be used to obtain quite detailed thermal signatures
with detail within the objects and backgrounds, most of the thermal imaging models now usgd
are not now capable of using the amount of detail which could be provided. However, it is
important that gross changes in signature due to changes in insolation, viewing aspect, cloud
cover, and the like be considered as a minimum.

2. Atmospheric Effects on Infrared Systems (Chapter I11)

The atmosphere is characterized by transmitting windows whose spectral location restricts
the choice of detector and optical materials. IR imaging systems can be severely degraded by
high humidity or by poor visibility. The 3-5 um window is generally superior in transmittance
on clear humid days while hazy dry days favor the 8-12 um band. In Chapter III, the reader is
provided with an easy to use (but accurate) procedure for evaluating atmospheric transmission.
Computer-based tables give transmittances with respect to 'a 10°C blackbody over the 3-5 and
8-12 um windows. From temperature, relative humidity or dew point, and visual range meas-
urement, the user reads molecular and continuum transmittances corresponding to & selected
range directly from the tables. This value of transmittance is then multiplied by the value of
the aerosol transmittance calculated by using the results of visibility measurements to obtain
the composite atmospheric transmittance.

The chapter begins with a brief discussion of the main absorbing gases and continues with
a more detailed exposition of aerosol scattering and the difficulty it causes because of its
extreme variability. The chapter continues with the definition of atmospheric transmittance,
the concept of visual range, and the temperature and pressure effects on molecular band
absorption. This discussion is followed by a description of the LOWTRAN 3B computer pro-
gram for computing atmospheric transmittance as developed by the Air Force Geophysics
Laboratory in Cambridge, Mass.

Detailed expositions of meteorological variabies such as seasonal variations of pressure
and temperature and the relative merits of different atmospheric models have been purposely
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avoided in this chapter. Also detailed discussion of molecular band absorption which is con-
tained in the voluminous references cited are not included. However, the computer algorithms
which produced the daia in the tables provided have exploited all available current knowledge.

3. Video, Display, and Perceived-Image Signal-to-Noise Ratios (Chapter 1V)

This chapter is devoted to the basic concepts and derivations of fundamental mathematical
relations used to describe and analyze thermal imaging systems when the inpul test patierns are
standardized and quantitatively describable objects such as rectangles and periodic bar patterns.
The concept of the image signal-lo-r.oise ratio obtainable from a sensor is developed along with
other sensor related quantities such as the detector detectivity, the video Signal-to-Noise Ratio
(SNR,) and the noise-equivaleni temperature difference NEAT. SNR, is of primary interest
when the output of the sensor feeds a machine such as a video tracker or a scene object cueing
or pattern recognition device. The SNR, is the image signal-lo-noise ratio avaijlable to an
obscrver when the displayed image is limited only by finite sensor apertures or internally gen-
erated sensor or sensor generated noises and not by parameters of the observer's eye. When all
pertinent observer eye parameters arc included. the SNR, becomes the perceived SNR or
SNR,. In many cases of practical interest. the SNR , and SNR, are equal. As may be sur-
mised, the SNR ;5 and SNR , are directly, related o the observer's ability Lo discern a displayed
test pattern and do take into account the ability of the observer 1o spatially and temporally
integrate an image.

The video SNR, and the NEAT are generally related to the SNR, and SNR,, but the
relationship is not necessarily linear or direcl. A sensor with a lower SNR ;- and a larger NEAT
may 11 fact produce a superior SNR,. The reason for this apparent anomaly is that the SNR ;.
and NEAT include the video bandwidth as part of their definition, and this bandwidth is com-
paratively immaterial 1o the observer. When discerning images, the obsarver himself becomes,
in effect, the limiting overall system bandwidth.

Two models are developed for the SNR,,. a periodic model used when the input image is
a sine or squarz wave bar pallerr. and an aperiodic model used when the test images are rectan-
gles. These two models are made necessary because the effects of system apertures or optical
transfer functions on image detectability are distinctly different for ihe two types of images and
not primarily because of observer effects (alt~ough some observer differences exist). In
Chapter 1V, a number of thermal imaging sensor configurations are discussed along with the
modulation transfer functions* of various sensor elements including the lens. the detectors, the
multiplexers, and displays. The effects of the image sampling process in the cross-scan direc-
tion are also considered in Appendix G, along with the criteria for eliminating spurious
responses (aiiasing) while maintaiaing a flat-field-display-luminance distribution. More detailed
derivations at basic equations used in Chapter IV are presented in Appendixes C through G.

4. Laboratory Performance Model (Chapter V)

In Chapter IV, the primary effort was to quantitatively determine the display SNR,
obtainable from the sensor when the input test images are reclangles or periodic bar patterns.
If the cbserver's SNR requirements are known, then the probability that an observer will dis-
cern an image under a given set of operating conditions should be analytically predictable. The

*The modulation transfer function 15 the madulus of the optical transfer funciion which describes the effects of s¢sor
aperiures.
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ability to perform such prediction is of considerable aid in designing and evaluating sensory sys-
tems.

Over the past decade, many psychophysical experiments have been performed to deter-
mine the image SNR required by an observer, and a representative sample of the more per-
tinent experimental results is discussed in Chapter V and Appendix H. It is found that the
SNR , required to detect rectangles is approximately a constant for images which are not too
iarge in two directions simultaneously and that the eye can spatially integrate surprisingly well
over long thin rectangles. The eye’s ability to integrate over iie length of a bar in a bar pattern
is more limited, but the threshold value of SNR ; required to discern the presence of a pattern
appears to fall off at the higher spatial frequencies. The observer’s SNR requirements are usu-
ally specified in terms of a threshold value (50% probability of discerning the test image) and as
a function of the probability of detection. Approximately twice the SNR p is required to discern
an image at the near 100% level than at the 50% level.

The two primary measures of the laboratory performance of thermai imaging systems are
the minimum resolvable temperature difference (MRT) and the minimum detectable tempera-
ture (MDT). In the MRT case, the input test image is defined to be a four-bar pattern with the
length of each bar being seven times its width. The MRT represents the smallest temperature
difference between the bars which permits the observer to resolve all of bars at the 50% proba-
bility level. The MRT of the sensor is plotted as a function of the bar pattern’s spatial fre-
quency. In the MDT case, the test image is defined to be a square. The MDT represents the
smallest temperature between the square and its background which can be discerned by the
observer at the 50% probability of detection level. Both the MRT and MDT are analytically
predictable if the image SNR obtainable from the sensor is known, since the observer thres-

_holds have been determined with fair-to-good accuracy at least for the cases in which the image

SNR is system rather than observer eye noise limited.

It has been shown experimentally that the ability to discern a displayed test image can be
limited by fluctuation noise generated in the eye’s primary photoconversion process. In Appen-
dix H it is shown that the retinal fluctuation noise terms can be added to the system noise
terms to create a perceived signal-to-noise ratio expression but that the necessary psychophysi-
cal experiments have not been performed to obtain the necessary eye parameters. The SNR,
expression must also,.of course, include the effectd of the eye’s apertures.

5. Static Field Performance Models (Chapter VI)

The analytical models of Chapters IV and V can be used to predict the incremental tem-
perature difference required to detect either aperiodic or periodic images of known geometry.:

However, there are continuing efforts to correlate threshold resolution as measured or predicted -

with the ability to discriminate visually (detect, rccognize, identify, etc.) real scene objects. In
this chapter, we review the historical approaches which have been used, starting with the well-
known Johnsor, criteria wherein real scene objects are replaced by bar patterns of equivalent
contrast and of spatial frequencies which are a function of the level of visual discrimination
desirad. The higher the level of visual discrimination wanted, the higher the spatial frequency.

In the early 1970’s, Rosell and Willson attempted to quantify {urther the Johnson criteria,
using SNR and improved resolution considerations. The notion was to use Johnson’s criteria
directly to establish the bar pattern spatial frequency and to attempt to correlate probability of
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recognition and identification with bar pattern SNR. While the agreemen!t appeared good for
isolated targets on a uniform background, the agreement became poorer for cluttered scenes.
As a next step, the Night Vision and Electro-Optics Laboratory at Fu. Belvoir, Va. hypothesized
that the threshold bar pattern spatial frequency required at the S0% level of recognition or
identification could be selected on the basis of the Johnson criteria but that higher levels of
probability required a higher sensor threshold resointion fas opposed to a higher image SNR
alone). In concurrent experiments by O'Neill at the Naval Air Development Center at War-
minster. Pa. and Rosell and Willson, it was shown that the threshold spatial frequency response
required at the 50% probability level is not a constant but instead, ii increases as the imagery
tends toward the noise limited as opposed to the aperture or MTF limited condition. On the
other hand, while it appears that the Johnsoun criteria cannot be used to select the bar pattern
spatial frequency at the 50% probability level, the NVL approach as formulated by Johnson and
Lawson to determine higher and lower probabuity levels appears to be superior to the SNR
approach based on parallel experiments on human face identification by Rosell and Wilison.

By a further analysis of the O'Neill data, it is hypothesized that abiiity to discern real
images may be strongly related to the video signal-to-noise ratio (defined with respect 10 a
reference vidco bandwidth). A method of taking the video SNR into account is proposed in
Chapter VI, and the method appears 10 have promise but it has not been vcrified experimen-
tally. The general result of the O'Neill data analysis is that for video SNR above about 3-4, the
threshold resolution required at the 50% level of visual discrimination is a constanl bul
increases rapidly as the video SNR decreases below 3. It should be observed that O 'Neill's
experiments were conducted with images of 100% contrast and whether the technique suggested
will work or not for images of lower conirast has not been explored. The details of these vari-
ous experimental results are discussed in Appendix 1.

The original ievels of visual discrimination proposed by Johnson were: delection, orienta-
tion, recognition, and identification. The orientation criterion has seen little use, and it is pro-
posed that it be dropped. However, it is proposed to increase the number of levels overall pri-
marily because the gap between simple detection and classical recognition is felt to be too large.
In the specific case of detection, an object may be considered to be more than simply detected
even though the sensor’s threshold resolution is only sufficient to permit simple detection in
the classical Johnson sense. A rapidly moving blob on a road, for instance. is probably a vehi-
cle. Thus auxiliary cues may lead to a higher level of visual discrimination than resolution
alone would tend 10 indicate. It is also observed that the number of resolvable lines required to
discriminate a real scene object is often a function of the viewing aspect angle.

R Chapter VI coucludes with a discussior of methods of performing range analysis as tradi-
tionally performed and also. by including some of the newer concepts discussed above. In per-
forming static field range predictions, atmospheric and sightline instability effects are included.

6. Thermal-Imaging (TIS) Dynamic Field Performance (Chapter V11)

The previous chapters have been direcled toward the detection of a larget when the
observer has an uniimited amount of time. In Chapter VII the clement of time is introduced
into the task of physical acquisition, visual acquisition, and cxtraction of the required informa-
tion. All of the probabilities involved in acquiring and detecling a target are discussed using a
lypical scenario ior a FLIR system.
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HARVEY AND ROSELL
In Section VIIC the mechanics of visual search are described, the meaning of & "glimpse”
is discussed, and some lypical values of visual search time are given.

The following sections discuss the probability of visual direction under a variety of condi-
tions, such as changing SNR, high SNR environment, and an incrcasingly detectable object.

Finally, Section VIIF shows how system parameters may cause the probability of detection
and identification for a high-resolution system to be lower than the probabilities of a lower reso-
lution system.




Chapter 11
CHARACTERIZATION OF THE THERMAL SCENE

F. A. Rosell

A. INTRODUCTION

Like the visible scene, the thermal scene has infinite variety, and the detailed description
of all but a limited number of specialized cases would be prohibitively costly. Elaborate com-
puter models have been developed 10 describe various scenes in some detail, but experimental
verifications of the models are few. However, those experimental results which exist show the
same trends as the analytical models predict. The detailed calculations of thermal scene object-
to-background thermal contrasts, which are based on rather conventional heat transfer con-
siderations, are beyond the scope of this report but a number of the results of caiculations
which have been made will be discussed in t+ chapter (Ref. 2-1).

The scene, cwing either to variations in lemperature or emissivily, is the source of most
of the radiation sensed by the thermal imaging sensor. Most of the scene receives its energy
from the Sun, and the thermal scene displayed appears very like the visual scene although the
constrasts between scene objects can be radically different. Man-made objects, when heated by
internal sources, can produce a very unnatural appearance.

It is not uncommon to assume thal a scene object such as a ship or a tank always nas a
certain incremental «enmperature above background. This assumption can lead 1o considerable
error even when for example, a tank has been exercised for a considerable period. The terrain,
for example, gencrally heats and cools much more rapidly than objects of large thermal mass
such as tanks ind therefore both positive {hotter) and negative (colder) con'rasts between the
object and its background can exit. It may also be erroneously assumed that a thermal imaging
sensor is always the sensor of choice for night applications and that night and day performances
will be approximately equal. While this may sometimes be true, it is found that thermal scene
signatures ill generally be smaller at night and during other periods of low insolation (Sun
heating) .

In this chapter, a number of typical scene objects and their backgrounds will be discussed
in ord=r !o provide some physical insight to the general problem of characterizing the thermal
scene. The cases discussed are specific lo the particular environment involved and are not
meant to he generally applicable. For more specific information, the reader is referred to Refer-
ences 2-2 through 2-4.

B. GENERAL SCENE CHARACTERISTICS

FLIR sensors detect radiation of wavelengths in the 3-5 or 8-14 micrometer atmospheric
windows and derive their images from variations in the radiation received. These variations can
be due either to vanations in the emittance of the scene or 1o variations in the radiation
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reflected from the scene. The radiation reflected from the scene can come from a variety of
natural sources such as clouds, sky, and background, but is usually less than that associated
with a targetl at ambient temperature. The primary scene signal results from variations in emit-
tance and muay be due to variations in temperature or emissivity. That is, the scene is the
source generating most of the radiation itself due to its inherent temperature.

The background radiation is that associated with the average scene temperature and emis-
sivity. Since FLIR systems currently employ ac coupling between the detectors and their
amplifiers, the signal is due 10 variations about the average. One primary source of noise is that
duc to the conversion of scene photons to electrons by the detectors.

Most objects in a scene obtain their energy (heat) from the Sun. Heat absorbed during
the day is lost at night, The process depends upon the atmospheric conditions, the degree of
overcast, and the general air temperature. When humidity is high, the sky is cloud covered,
and the air temperature is near constant, the scene tends not to vary much from day to night.
Everything stabilizes at air temperature as though the whole system were in a blackbody cavity.
Objects with low cmissivity tend to take on the temperature of the air with a lag determined by
the thermal mass of the object and its thermal conductivity. Materials that conduct poorly are
apt to have surface temperatures which determine their radiation characteristics and which vary
greatly.  Objects with high emissivity are more likely to have their temperatures strongly
influenced by the physical characteristics of the scene objects and the radiation characteristics of
the sky and atmosphere than those of low emissivity.

The effect of a strong wind is to reduce substantially the temperature excursions within a
scene. In effect, the thermal signature is partially "blown away." During and after a rainstorm,
the scene tends to become isothermal. Also, an extended period of overcast will reduce the
amplitude of cyclic scene temperature variations. The reductions in temperature differences can
substantially degrade the appearance of the natural scene at long range, because the scene ther-
mal signature is further reduced by the atmosphere. However, the detection of hot man-made
objects could be enhanced by the washout of the background. It is also generally true that
periods of poor atmospheric transmittance and periods of low insolation terid 1o go together.

C. BACKGROUNDS

The radiation characteristics of a complicated scene can take on infinite variety, and
detailed analysis of any but a small number of representative typical cases has been prohibi-
tively costly in the past. In the future, wider use should be made of computer-generated ther-
mal -cene object/background signatures provided that such efforts are paralleled with experi-
mental programs to validute the models. In the following some examples of computer-
generated thermal signatures are discussed. The results have not been verified experimentally,
but the results appear to be reasonable and are in general agreement with existing data.

Trees and bushes may be significantly warmer than grussy ground. In Fig. 2-1, a
computer-generated thermal signature is shown for tive different background matetials, as a
function of time of day from 6 a.m. to 8 p.m. The conditions are given in Table 2-1. It is also
seen that sand heats more slowly and cools more slowly than the other backgrounds. The rela-
tive thermal contrast, which is defined to be the differential radiance between grass and the
other materials. is shown in Fig. 2-2. Observe that in this case, the sand is of negative contrast

|
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Table 2.1 Conditions for the Calculations of Temperature
Difierence Shown in Fig. 2-1
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Ambient Temperature 298 K Cioud Cover 0.6

Pressure 1013 mbar  Latitude 20°N

Declination 0 deg Wind Velocity 12 mph

Visible Range 20 km Range 4 km

Mixing Ratio 16
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Fig. 2-2 ~ Effective radiant conlrasi between various background materials and grass as a function of the time of day
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during the early morning hours and of positive contrast in the afternoon. Both the scene tem-
perature and the thermal contrast of the scene are seen to be strongly time dependent.

At night, trees mirrored in water appear even warmer. Three reasons for this effect have
been postulated: 1) the undersides of leaves may stay warmer than the top surfaces due to the
fact that they coo! by radiation 10 a warm ground rather than than a cold sky. 2) the net emis-
sivity of the leaves’ undersides may be higher due to dew; and 3) the sensor viewing the under-
sides of leaves off the water sees a cavity effect inasmuch as the water adds radiation and the
reflection from the underside of a leaf sees another leaf, eic. so as to cause a blackbody effect
while the top of the leaf reflects the sky.

Usually, a calm sca under a sky appears cold at shallow viewing angles due to its high
reflectivity and low emissivity as can be inferred from Fig. 2-3. At steeper viewing angles, the
emissivily is greater and the water appears warmer. A sky overcast with low-altitude clouds can
make the water appear warmer. In Fig. 2-4, we show the angular reflectance properties of water
vs wavelength, which in turn shows that the angular reflection properties of Fig. 2-3 apply
throughout the infrared regions of interest.

The disturbed sea surface is difficult to describe in a closed mathematical expression. In
first order analysis it is common to use the sine wave and sawtooth approximations shown in
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Fig. 2-4 — Spectral reflectance of water v» wavelength for
various angles of incidence

Fig. 2-5. The sine wave sea is buill up from sea-state descriptions of wavelength, height and
period, etc. The sawtooth approximation, which is analytically much simpler, has shown good

agreement with measured results in many cases. The sawtooth wave is inclined toward the sen-
sor at an angle and equals about 15° for the average sea.

In Fig. 2-6, we show three viewing aspect angles over a water background. Along a sub-
slantially horizontal path just above the horizon through a dense air path, the sensor "sees"” the
air temperature. The air along the path may be considered to have an emissivily of unily and is
thus a "blackbody sky." From a perpendicular to the surface, the water has an emissivity of
unity and is thus a "blackbody sea.” At the sca just below the horizon, a reflected ray would
follow the dashed line if the sea were perfectly flat but since Lhe sea is almost always disturbed,
reflected rays from a higher source as shown by the solid line are observed. Experimentally,
the upward angular displacement has been observed to be approximately 30° on the average
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Fig. 2-5 — Sawtooth and sine wave approximations
to a disturbed sea
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Fig. 2-6 = Background radistion sources in three viewing directions
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giving credence to a sea model with an average slope of 15°. The thermal sensor viewing just

below the horizon senses a combination of the radiation emitlied from the sea and the mirrored
reflection of a cold sky.

The variation in background temperature with the viewing aspect angle is illustrated in
Fig. 2-7. Note that the sea backgrourd temperature dips just below the horizon and a ship
which may be colder than either the air or the water may yet be imaged as hotter than either.
The effect of an overcast sky is illustrated in Fig. 2-8. The sky temperature is seen to increase,
and the dip in apparent temperature just below the horizon is decreased.
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Fig. 2-7 — Effect of viewing angle on apparent background temperziure
8 8
of air and a disturbed sea

D. SCENE OBJECTS

A truck, when heated by nature looks very much like a truck on a FLIR display. The
cavity under the truck may appear hot if viewed at an angic since by multiple reflection, this
area has an emissivity of unity. The truck often has da‘k areas due to low-emissivily metal
areas which reflect the sky. When idling, the engine anJd exhaust become very hot, exhibiting
localized areas of radiation which may saturate the display. If the FLIR displays hot as white,
the extreme brightness can aid detection but degrade recognition. Localized heating can cause
the entire hood of the truck to appear very bright. By reversing the polarity to hot as black, the
picture ofter appears more normal. If the truck is moving down the road there is again local-
ized heating but not of the same type. The hoo is cooled by the airstream to near the air tem-
perature. The exhaust will still be hot and the undercarriage and tires will appear warm to hot.

Tanks have a large mass and generaily lag the terrain in temperature when parked. The
engine and exhaust can appear very brigrnt when the tank is running and these features are in
the field of view. When driven, lhe bogie wheels and treads as well as the rest of the tank heat
lo provide a natural looking picture. in Fig. 2-9, we show the various factors which influence
the heating of a tank. The factors wvhich must be considered are the insolation, the radiation
exchange between the tank and its surround, convection due (o wind or tank motion, internal
heat sources such as the engine, and conduction 1o the earth. Conduction i1s of particular
interest when the tunk is parkes in snow.
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Fig. 2-8 — Effect of an overcast sky on the equivalent
background temperature for various viewing angles

The signal obtainable from a scene object is a function of the viewing aspect angle and
therefore the signals will be time dependent on even a very short time basis when the Sensor is
moving. A computed temperature profile of a tanklike object (parked) is shown in Fig. 2-10,
The temperature curves show the effect of the sun passing from east to west. Temperatures of
the easiern surfaces peak in midmorning and then slowly cool to equilibrium in midafiernoon
while the western surfaces do the opposite. South facing and roof surfaces rise Lo a posinoon

peak before they decay. The thermal lag of the tank is seen by the fact that the roof surface
peaks later than the background.

The radiant contrast between the tank and a grass background is shown in Fig. 2-11. If it
is desired to image the tank, it is seen that there is four times more thermal contrast on the
cast side of the tank a1 9:00 a.m. Near noon. the tank will be more easily discerned in the

north-south direction. In the late afternoon, the roof and the west sides of the tank provide
higher contrasts.
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The thermal contrast of a ship against a sea and an air background is shown in Fig. 2-12
as a function of the time of day. The upper set of curves pertains to a semitropical warm sea.
In the specific case analyzed, it can be seen that the ship can appear in positive or negative con-
trast relative to both the sea and the air. [n the lower set of curves, a cold sea typicel of the
northern climes was assumed and for the specific case analyzed, the ship was always of positive
contrast relative to the air and the sea. In making the above calculations the ships were
assumed (o0 be moving, there was a wind and partial cloud cover, and specific viewing angles
were assumed. A stationary ship under a clear sky with no wind might be expected to undergo
rather larger temperature excursions, but the same trends are expected.

E. EQUIVALENT TEMPERATURE DIFFERENCE

As noted above, the thermal signature of a scene object can be due to-temperature
differences, emissivity differences, and reflected radiation. To simplify calculations it is com-
mon lo assume an equivalent object of unity emissivity and zero reflectivily because the
sensitivity-resolution characteristics of a sensor are usually specified in terms of a minimum
resolvable or detectable temperature difference vs angular spatial frequency. Another
simplification which is often made is to average the temperature over ihe enure area of the
scene object {Ref. 2-2). An example of a thermal signature of a truck is shown in Fig. 2-13.
The truck is divided into areas A, of substantially constant temperaure T,. Truck areas which are

at the same temperature as the background are ignored. The approximate temperature of the
whole truck for modeling purposes is taken to be

AT
Ty = ==
)

If we assume a uniform background at temperature 75, the average truck temperature
difference is

ATm.(. - Tau‘ - Tn.

The equivalent truck is thus assumed to be a rectangle with the same arca and a temperature
difference AT,...

Some small areas of the truck may be very much hotter than some of the larger areas.
Averaging dilutes the effect of the small hot areas, but this usually is not a modeling problem
when the scene objects are fairly small relative to the field of view because the hot spots are
smeared oul by the sensor apertures and the eye can equally detect small hot objects and la ger
but cooler objects so long as the incremental signal integraicd over the object areas are the
same. Al closer ranges. localized hot spots such as stacks on a ship which are otherwise of
small extent may be of significant aid in detection and in recognition.

The minimum resolvable and detectable temperature differences are ordinarily measured
using a 300 K background. If the scene object temperature differences are small and the back-
ground is approximately 300 K, the AT, approximation for the actual scene object radiance
may be used. In other cas-:, the actual incremental radiance must be calculated because AT
and the incremental radianc are not linearly related.
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Chapter 111
-ATMOSPHERIC EFFECTS ON INFRARED SYSTEMS

J.B. Goodell
R.E. Roberts

A. INTRODUCTION

The atmosphere is an important, integral factor in the analysis and design of infrared (IR)
systems. The spectral location of the atmospheric windows, for example, restricts the choice of
materials for. detectors and optics. Furthermore, within these windows, poor visibility
substantially degrade the operation of IR imaging systems operations. On clear days of hig®
absolute humidity, IR systems of equivalent sensitivity usually operate better in the 3-5 um
window, while hazy or limited visibility conditions generally favor operation in the 8-12 um
window. The atmosphere is undoubtedly one of the most important factors controlling th¥' per-
formance charawgstics of FLIR devices and certainly must be taken into account b®h in the
optimal choice 0 ;ectral bands and IR systems design. &

This chapter provides the reader with a brief review and assessment of the LOWTRAN
3b* propagation code (Ref. 3-1) for evaluating atmospheric transmission and contains con-
venient computer-based tables derived from LOWTRAN 3b giving atmospheric contrast
transmittances averaged with respect to a 10°C blackbody over the 3-5 ang 8-12 um atmos-
pheric windows. From a knowledge of the docal meteorological conditions (temperature, rela-
tive humidity or dew point, and visual range) the reader can ssmply and directly compute the
transmittances corresponding to a selected range. ’

=

~

The chapter begins with a brief discussion of the main absorbing gases. It continues with

a more detailed exposition of aerosol extinction toggther with an assessment of the aerosol

q&h pf the LOWTRAN 3b computer pro-

gram for computing atmospheric -transmittances as developed at the Air Force Geophysics

Laboratory, Cambridge, Mass. It is currently lk\&;}\ost widely accepted standard for computing

atmospheric propagation and forms the hgsis for the data in this chapter. The model, however,

does not include important man-made acrosols such as battlefield smoke and dust which are

beyond the scope of this chapter. Detailed procedures for determining atmospheric attenuation
from tables computed using LOWTRMN 3b conclude the chapter.

This chapter purposely a‘\gids 4'etailed expositions of meteorological variables such as sea-
sonal variations of pressure and temperature, or the relative merits of different atmospheric
models beyond LOWTRAN 3b. Nor does it include detailed discussions of molecular band
absorption theory. The literature contains voluminous thecory and data concerning all these
topics which, of cﬁu‘, are crucial to atmospheric transmittance. The reader who wishes to
probe deeper can consult references 3-2 1o 3-42,

—— %

‘LOWTRAN 4, whic}\ has provisions for calculating the radiance from ntomspheric paths, iv now available as a card
deck .from the National Climatic Center, Federa) Building, Ashville, NC 28801 for a charge of $20.00. (Address re-
qucests to Me. ® Daviv)) The transmittance rortion of LOWTRAN 4 iy cusenitally 1he same as LOWTRAN b,
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B. ATMOSPHERIC MOLECULAR CONSTITUENTS

1. Water Vapor

Water vapor is the most important absorbing gas in the earth’s atmosphere for infrared
transmission and also the most variable. Local humidity conditions can easily double the water
vapor content in the atmosphere in any locale in a matter of hours with a changing weather
front, thus severely degrading the infrared imaging systems performance expectations (Ref. 3-
43). Moreover, water vapor absnrption primarily determines the atmospheric windows as Fig.
3-1 shows. For clear conditions these atmospheric windows vary in transparency primarily in
response to the water vapor content. A dry (midlatitude winter) atmosphere (e.g. 3.5 g/m?) is
almost completely transparent in the windows. A wet tropical atmosphere (19 g/m?) on the
other hand almost completely blocks large portions of the atmospheric windows. Table 3.1
illustrates typical water content for various atmospheric models as given in the Air Force Geo-

physical Laboratories tabulation (Ref. 3-44).

"

ABSORPTION (B
B

TSFENEN)

2t 1 I 4t 1 2oy
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Loyl D09 bud)
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Fpectrum

“)cm Y

2 3 4 5 8 1 s

$ 10 11 52 49 14 15 4

Fig 3-1 — Consintuent absorpuion bands and
almosphetic windows

Table 3-1 — Water Vapor Density (g/m?) in the
Atmosphere at Various Levels for Several Atmospheric Models

Atmospheric ....- el
Alt
(km) . Midlat. Midiat. | Subartic | Subartic
Tropics Summer | Winter | Summer | Winter US. Sud.
0 19 14 35 9.1 1.2 S9
1 13 93 2.5 6.0 1.2 s 4.2
2 9.3 5.9 15 4.2 0.94 29
3 4.7 3.3 1.2 2.7 068 | 18
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Water vapor absorption occurs in two forms, molecular band absorption and continuum
absorption. Very complex spectra characterize molecular absorption. Literally hundreds of
vibration-rotation energy level transitions create the water vapor absorption bands. Figure 3-2
is a moderately high-resolution spectrum of water vapor in the spectral region from § to
7.69 um. The water vapor continuum on the other hand has essentially a smooth spectral
dependence and is present in both the 3-S5 um and 8-12 um windows. A recent review (Ref.
3-45) of the 8-12 um continuum absorption indicates that the contribution duc to pure water
vapor is quantitatively well understood both with respect to the spectral dependence between
8-12 um as well as to the strong and important temperature dependence of that absorption.
The only remaining uncertainty for this particular continuum absorption arises from the
nitrogen-broadened portion of the water continuum. The overall contribution from this term
is, however, small, and its effect on the uncertainty of FLIR. performance is negligible.

\ ) ol
VW, I
| Y
" ANV
|

v

% TRANSMITTANCE

769 74 6.67 6.15 588 5.56 5.26 5.00

WAVE LENGTH um
Fig. 3-2 — Moderate resolution HyO spectrum, 5-7.69 um

“"Muchless is known about.the 3:5 um continbum, A besi estimate for the exvincrion
coefficient Bon is 0.04km~' + 0.04 (Ref. 46-48). These values may be overly pessimistic for
the 3-5 um window since the water vapor continuum coefficient appears to attain its largest
vatue near 4 um. The relatively large uncestainty, of 0.04 km~', however, should no: affect
FLIR systems performance significantly although a possible exception may be long-range ship
recognition which can be dominated by clear but humid transmission paths.

2. Carbon Dioxide CO,

Carbon dioxide, unlike water vapor, has a constant weight ratio in standard atmospheres.
Local perturbations such as automobile er’.ust, dense foliage, and factory exhausts can, of
course, clter the "standard” distribution.

Carbon dioxide is second in importance 1o water vapor in terms of infrared absorplion in
the clear atmosphere. [t closes the 3-5 and 8-12 um spectral windows. Figure 2-1 shows the
carbon Jioxide spectra together with the atmospheric spectra and thosie ol other gases.

*Binne. The cxtinction coeficient cquate ~Un )/ R, where £ is the transmittunee and R is e range.
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3. Nitrous Oxide (N,0)

Nitrous oxide has an approximately constant concentration in the atmosphere. It has a

strong absorption band, at about 4.5 um and at about 8 um, otherwise its absorption is
insignificant (see Fig. 3-1).

4, Methane (CH)

Methane has an approximately constant concentration in the atmosphere and generally
occurs in small amounts except over swamps (marsh gas) where large quantities increase

atmospheric absorption noticeably in two narrow infrared bands centered around 3.5 and 8 um
(see Fig. 3-1).

S5. Ozone (O 3)

Ozone has a variable distribution in the earth’s atmosphere. Solar ultraviolet dissociation
of O, molecules causes O, concentration to peak at a height of about 24 km. The very strong
0, 9.6-.um absorption spike attenuates noticeably over long sea level paths in spite of the very

small sea level ozone concentration (see Fig. 3-1). Normally, however, FLIR operation does
not experience difficulty with the O,, 9.6-um band.

6. Carbon Monoxide (CO)

Carbon monoxide has a nearly constant concentration in the atmosphere except where

increased by pollutants, such as exhausts. Concentrations of carbon monoxide cause atmos.
pheric absorption in a band between 3.6 and 3.8 um (see Fig. 3-1).

7. Nitrogen (N,)

The concentration of nitrogen in the earth's atmosphere is about 78.088 percent by

volume. Nitrogen affects aimospheric transmission primarily through the nitrogen continuum
in the 3-5 um window.

8. Oxygen (O,

Molecular oxygen comprises 20.949 percent by volume in the earth's atmosphere. O,
absorption should not be confused with O, (ozone) absorption which is strong at 9.6 um. Oxy-
gen band absorption is negligible in the 3-5 and 8-13 um windows.

Table 3-2 shows the concentrations of the principal absorbing gases in the earth's atmo-
sphere. The compositions are percent by volutne. In a model aimosphere all imporlant spec-
troscopic gases except H,0 and O; have nearly constant concentrations. The composite absorp-
tion of all these gases produces the results shown in Fig. 3-3, which is a (runsmission spectrum
measured by Yates and Taylor over 5.5 and 16.25 km horizontal aimospheric paths.
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Table 3-2 — Composition of the Atmosphere

, Percent by . Percent by
Constituent Volume Constituent Volume
Nitrogen 78.088 Krypton 1.14 x 104
Oxygen 20.949 Nitrous Oxide 5 x 1073
Argon 0.93 Carbon Monoxide | 20 x 1073
Carbon Dioxide 0.033 Xenon 8.6 x 107
Neon 1.8 x 10~? | Hydrogen §5x10°¢
Helium §.24 x 107* | Ozone variable
Methane 1.4 x 10°* | Water Vapor variable
P $.8 km
FAA T
}:
,: \ ’r\L’:'LL
0.5 4.0 [ %)

WAVE LLNGTM (u)

';

15,3 km

2 f*‘/\vﬂ\m\/«\

10.0 12.0
WAVELENCY 1 ()

0.

N oA & @
[-3K-]

TNANSMISSION (D

3,9 «m 16,23 km

RH. (%) 8) 2l
Temp, (°F) (1 ]}
H90 in path {em)  4.10 1%.1
Graremission

508845 10 “

Fig. 3-3 — Awumospheric transmission al sea level over 5.5 and 16.25 km paths

C. AEROSOLS

The atmosphere also contains suspended particles such as dust, carbon particles, sand,
ashes, water droplets, salt spray, and the like whose sizes and concentrations depend on local
environments and can, therefoie, vary not only witn locale but temporally within a locale. Typ-
ical aerosol radii range from about § x 107? um up to about 20 um. Their number density can
vary from almost zero up 1o about 10%cm?’. The main contributors to aerosols are: sea spray;
fog, haze; dust storms; and air pollution. Other contributors include forest fires, sea salt, rocks,
soil, volcanos. meteoric dust, and biological materials.

Particulate extinction, especially the aerosol effects associated with limited visibility condi-
tions, undoubtedly causes the largest uncertainty in the modeling of propagation {or electro-
optical systems. LOWTRAN b, for example, currently adopts three aerosol models applicable
for low-altitude use (Ref. 3-1). Two of these are suggested for usage ove' land and are

referred to as the urban and rural models. For the computation of extinction coefficients these
models are nearly the same.

The third low-altitude mode! employed nn LOWTRAN 3b is
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referred to as maritime. Also, for poor seeing conditions, such as visual ranges of 2 km or less,
LOWTRAN 3b adopts a stopgap measure which amounts to equalizing the attenuation in all
spectral bands. The equal attenuation aerosol methodology 'eads to a pessimistic result for the
IR attenuation and in a sense, provides a lower bound 10 an expected infrared performance
range. Such a spectrally flat extinction coefficient, howcver, may not be justified. Experiments
with fogs and clouds as well as calculations based upon assumed particle distributions indicate
that although the 3-5 um attenuation is roughly that of the visible band, the 8-12 um exting-
tior is typically one half that of the other band. Thus an equal attenuation assumption can lead
10 extremely pessimistic predictions for 8-12 um systems performance. This obviously has
strong implications on the selection of an optimal spectral band for iR sensors (i.e., 3-5 vs8-12
um),

The rural and urtan models have gained widespread use for central European environ-
ments, particularly for the limited visibility conditions so often encountered during the winter
months. They may not, however, be appropriate for limited visibility conditions. A misieading
consequence of he use of these two models in any such application is that they tend to predict
optimistic values of infrared transmission. For example, the urban and rural aerosol models
predict higher transmissions in either the 3-5 or 8-12 um bands than would be measured. These

models tend to give optimistic results for IR propagation because of the low number density of
large particles.

The maritime model particle distribution has a relatively higher concentration of large par-
ticles which is typically characteristic of hazes and fogs. Since optical properties used in gen-
erating the maritime model are very nearly those of liquid water again as found in continental
fogs and hazes, the maritime model is most appropriate not only for oceativ environments bul
also for continental environments for fogs and hazy visibility conditions (Ref. 3-49). This
statement tends to be borne out not only by theory in terms of what distributions are expected
to look like for such conditions but also in terms of a comparison with the existing experimen-
tal data base for poor visibility conditions. If one is to adopt aerosol methodologies direcily
from the LOWTRAN 3b code, it is advisable to employ the maritime model both for at-sea use
as well as for over land usage under poor seeing conditions. As one would expect, the applica-
tion of the maritime aerosol algorithm is not nearly so optimistic for the infrared spectral bands
as would be the case for the previous continental models. LOWTRAN is an evolutionary
model which changes as the data base grows.

Most current aerosol models suffer considerably from reliance upen a single
representative particle size distribution. The current LOWTRAN 3b aerosol models as dis-
cussed above use measured optical properties (representative of average continental, rural,
urban, or maritime conditions) with a single assumed distribution to predict, via a Mie compu-
tation, a scaling model for the extrapolation of the visual range to IR transmission. The under-
lying assumption is that for a particular environment, such as a continental haze, the shape or
functional form of the distribution remains unchanged. In many, if not most, cases this is not a
valid represeniation. For example, in an evolving fog formation the water droplet distribution
tends o change in the sense that there are relatively more large particles as the visibility
becomes lower. Figure 3-4, which shows some representative particle size distributions for
hazes and fogs from the recent Grafenwohr field measurements (Ref 3-50), illustrates this
dramatically. Each of these distributions leads to a different spectral dependence for the aerosol
extinction coefficient.
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Fig. 3-4 — Change in aerosol droplet size as fogs build, December 30-31, 1975, a1 GrafenwBhr

A potentially useful method (Ref. 3-49) which is aimed at obtaining information directly
related to IR propagation without reliance upon a single assumed distribution is the concept of
cor: slating infrared propagation with the integrated liquid content along the transmission path.
This approach has two advantages. First, it is insensitive to the shape or form of the assumed
distribution. Second, it permits a remote measurement along the preferred line of sight (rather
than a local measurement such as humidity, temperature, eic.) ..ith, for example, a laser rang-
ing system such as LIDAR for determining liquid content; thereby implying IR propagation
directly on a real-time basis. Such a methodology can also be used to derive general scaling
relationships between visibility statistics and propagation in other spectral bands. The relation-
ships derived thus far, however, are not linear in the sense that LOWTRAN 3b is, and predict
more general functional relationships between the IR and the visual bands.

Figure 3-5 illustrates that there is indecd a strong correlation of IR extinction by aerosols
with the liquid content. The points are representative of the different distributions summarized
by the recent review article of Tomasi and Tampieri (Ref. 3-51). The relative placement of the
Grafenwohr measurements and LOWTRAN 3b maritime and rural cases are also shown. The
points located toward the upper right corner ure indicative of limited visibility conditions.
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Fig. 3-5 — Correlation cf 10-um cxtinction coefficient with liquid content. The disiributions have

been normalized to a 1otal number densily of one particle per cubic centimeter.

Most of our propagation models rely upon meteorological inputs as a driving parameter.
For example, in the case of LOWTRAN 3b one uses an estimate of the visual range to imply
multispectral aerosol effects. There is a serious problem in using such a meteorological parame-
ter for estimating propagation either in IR channels or in the visible channels. The first prob-
lem is.associated with the subjectivity of an observer making the observation. It is well known
that different observers or even the same observer on different days can obtain drastically
different results for the visual range under similar conditions. Secondly, an estimate of the
visual range is usually at best a local measurement determined by a particular line of sight
which the observer happens to take. In many cases this has little, if any, resemblance to the
application being made. This is due to the vertical inhomogeneities associaied with atmospheric
aerosols. For example, an observer making a ground-based visual range estimate can obiain a
result for the extinction which is orders of magnitude different from a sinilar estimate that
might be made from a balloon-borne platform. Figure 3-6. again based upon the Grafenwé&hr
data base, illustrates this point dramatically.
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. Fig. 3-6 ~ Effect of aititude upon the cxtinctinn coefficient
of aerosols for limited visibility conditions

Sccliohs B and C have reviewed and placed in perspective the three major calegories of
aimospheric transmission. It is fair to say that the first category, namely molecular absorption
by the uniformly mixed gases, is fairly well understood. It also is apparent that the water vapor
continuum from an engineering standpoint is fairly well understood n the 8-12 um band but
has a much larger discrepancy associated with it in the 3-5 um band. Measures to remove this
discrepancy are under way in several government laboratories. Finally, the largest problem that
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we have in modeling the weather propagation effects for electrooptical (EQ) sensors is associ-
ated with our uncertainties in the aerosol environment.

D. ATMOSPHERIC TRANSMISSION AND EXTINCTION
1. Transmission

When the gas quantities are known, the atmospheric transmittance over the corresponding
line of sight path can be determined from the spectral absorption properties of the gases. The
composile almospheric iransmittance is usually approximated by multiplying the transmittances
cf each separale component, averaged over some very narrow spectral “and. Thus the average
atmospheric transmittance over a line of sight path in a narrow spectral band is generally writ-
ten as

TA ™ TiaTaa-- T

where 1....7 5 are the transmittances of the individual absorbing species averaged over the nar-
row spectral band. The line of sight path determines the quantity of gas to be inserted into
each individual 7.

In general, the calculation of the r's is very detailed and tedious because of the extreme
complexity of the molecular spectra.

2. Extinction

For very narrow spectral intervals (essentially spectral lines) and/or weak wavelength
dependence, Beer's Law, namely,
T =exp (-8, R),

~7

provides a useful approximation to atmospheric transmission. B,,, is the "extinction coefficient’
associated with the composite atmospheric transmissior,, and R is the range, usually in kilometers.
The approximation is generally fair for aerosol particles and the water vapor and nitrogen con-
tinua all of which display weak wavelength dependences.

The concept has two advantages for IR imaging system analysis. The first is that for an
atmospherically limiting environment the range performance (such as deteclion or recognition
range) for a given system directly relates to 1/8,,. Thus a doubling of the extinction
coeflicient degrades range performance by roughly half. A relative uncertainty in the extinction
coefficient dg,,,/B,.» produces a cotnparable uncertainty in the performance range, namely,
dR/R.

The second advantage is that 8,,, can be separated into various components, for example,
B i Bions Baern the extinction coefficients due to molecular band absorption, gas continuum absorp-
tion, and aerosol attenuation. This form pruvides a convenient mechanism for discussing the
zfTects due to the dominant species, naraely, continuum and aerosols.

Used with discretion and an uaderstanding of its limits of validity, the concept of extinc-
tion provides useful insights into atmospheric influences on IR imaging system performance.
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E. LOWTRAN COMPUTER PROGRAM

1. General Description

Many available computer programs ioday compute atmospheric transmittance over arbi-
trary slant paths from temperature, pressure, gas and aeroso! lapse rates, and spectral line
strength data. Most of them provide satisfactory values. Many are still evolving as new infor-
mation advances the state of the art. Most of them are too complex for field use.

The LOWTRAN 3b computer program which forms the basis for the transmittance tables
in this chapter was developed at the Air Force Geophysics Laboralory (AFGL) by J.E.A. Selby
and R.A. McClaichey. LOWTRAN 3b predicts atmospheric transmittance along slant paths in
the wavelength region from 0.25 10 28.5 um. The LOWTRAN 3b program contains approxi-
mately 2000 cards. The program allows a choice of one of six model atmospheres or direct
inputs of measured atmospheric data. LOWTRAN 3b includes the following atmospheric
absorbing molecular species as discussed in Sections B and C.

1. Water vapor from 0.690 to 28.57 um.

2. Uniformly mixed gases inciuding CO,. N,, CH,, CO, and O,. Absorption is calculated
in two bands: 1.241 10 20.00 xum: 0.758 10 0.771 um.

3. Ozone from 3.051017.39 um.
4. The N;continuum from 3.65 t0 4.81 um.
§. The water vapor continuum from 7.14 to 1493 um.

6. Ozone between 0.43 and 0.77 um (the visible) and wavelengihs shorter than 0.36 um.

2. LOWTRAN 3b Aerosol Methodology

Although there are many gioss uncertainties (as discussed in Section C) involved in the
assessment of bad weather aerosol effects upon IR systems, one can at least develop a qualita-
tive if not semiquantitative undarstanding of weather-sensor relationships by using the straight-
forward aerosol models contained in the LOWTRAN 3b codc. The assumptions embodied in
this particular transmission algorithm ultimately lead to a set of fixed linear relationships

between the subjective visibility estimate, V, and extinction in other spectral regions according
to:

Bo{A) = C, B, (0.55um),

where C, is determined via a Mie scattering calculation based upon a single repiesentative size
distribution and a set of optical properties. A different C, is obtained for the so-called mari-

time, urban, and rura} cases. B, is in turn related 1o the visual range, V, with the well-known
Koschmiader relationship:

B,.,(0.55um) = 3.91/V,
derived using a 2% contrast requirement.
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Since C, for the LOWTRAN 3b program displays only a weak variation with A over the
3-5 and 8-12 um bands it is possible 1o describe the LOWTRAN 3b maritime, rural, and urban
models quite simply and accurately with the following formulas.
Maritime:
Bl3um a2 24/V,

Bl-lum w085/ V.

Rural:
B um = 0.42/V,
31em w 0,43/ V. :
Urban: i
Bl 3um = 0.60/ ¥, 3
B 1M = 0.41/V. )

The aerosol transmission factor is then obtained in a straightforward fashion via

-B”,R i

Taer ™ € . ‘

In light of the criticisms raised in Section C one would be well advised to use (within the !

context of the LOWTRAN 3b code) the maritime model for continental limited visibility (4 i
km) environments as wel! as oceanic conditions.

F. ATMOSPHERIC TRANSMISSION TABLES . i
1. Description

The atmospheric transtnission tables in this chapter use spectrally weighted transmittances
calculated from LOWTRAN 3B in two important atmospheric windows, 3-5 and 8-12 um. The
spectral contrast weighting produces the average transmittance of radiation from a blackbody
source at 10°C in each of the two windows according to the formula,

aw
f“ny, Tom 8T Ada

‘rHIM - J- , -a-‘.y-

an 9T

where 7, is an instrument function equal to unity over the spectral range included in the integration,

and zero elsewhere, W is the blackbody function, T is temperature, and X is the wavelength. Tables

3.3 through 3-10 include trgnsmission data for horizontal line of sight ranges in factor of two

increments from 0.5 to 32 km, dew point values from -20° to 40°C, in 5-deg steps, and tem-
perature values (8-12 um window only) from -20° to 40°C.

AdA,

Transmittance values in the tables are due only to molecular band and continuum absorp-
tion. They do not include aerosol scattering which is computed separately.

2. Atmospheric Transmittance Determination
The tables require three inputs:
¢ Range

; ® Dew Point
§ ® Tempcrature
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and also requires a measured visual range in order to assess aerosol effects. When these are
known, use the following steps to determine atmospheric transmittance.

o g e @

bl e a2 ok S s AN R i, el

1. Select the range.

2. Choose the table corresponding to range and spectral region. (In the 3-S5 um window
there is only one table for all ranges.)

3. Find the dew point column corresponding to the measured dew point temperature,

4. (8-12 um) Go down the column to the proper temperature.

5. (3-5 um) Go down the column to the proper range. Read the transmitiance and go to
step 6. (This is the "infinite visibility” transmittance.)

6. Compute the aerosol transmittance from the formula:
- Taer = €xp (=BR),

where R is the selected range, V is the measured visual range, and
lgs—s--(s—u um band)
g=1J

2—‘;2,1 (3—5 um band).
7. Multiply the results of step S by the results of step 6 to complete the process.

3. Conversions

Relative humidity from absolute humidity (or use Fig. 3-7)
R A HX Ta
o 288.9P"

where
R is relative humidity
T, is air temperature (K)
A 4 is absolute humidity (g/m)
P is vapor pressure of water (use Table 3-11) (mm of Hg)
Dew point to absolute humidity
Ay = Aexp (18.9766 — 1495954 - 2.43884) g/m’
4 273.15
27315+ T,
T, is dew point (°C)
Torr to absolute humidity
Ay = 1.05821
" 1 +0.00361
t is air temperature (°C)
Note Lhat there is little difference between A, and Py, for ambient conditions.

Pror, 8/m?
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Examples

For a local temperature of 10°C, a dew point temperature of 5°C, and a visual range
estimated to be 4 km, find the atmospheric transmittance over an 8 km horizontal path.

1. 812 um Window

From Table 3-8, the "infinite visibility" transmittance is 0.445. The aerosol transmittance
corresponding to the maritime model value of 0.85/V.R. for the 8-km path is 0.180. The com-
posite atmospheric transmittance therefore is 0.081.

2. 3-5um Window

Temperature data is unnecessary in this window. From Table 3-3, the "infinite visibility”
transmittance corresponding to a 5°C dew point temperature and an 8 km range is 0.260. From
the maritime model, th: aerosol transmittance corresponding to the extinclion coefficient,
2.24/Vis 0.011. The composite atmospheric transmittance is therefore 0.003.

3. Range Interpolation, 3-12 um Window

For the same tempevrature (10°C), and dew point temperature (5°C), and visual range of
15 km, find the atmospheric transmittance over a 10-km path. The tables do not include vaiues
for 10 km so an interpolation is required. This example uses a linear interpolation.

From Table 3-8 the “infinite visibility” transmittance corresponding to an 8-km path is
0.445. From Table 3-9 the "infinite visibility” transmitiance corresponding to a 16-km path is
0.234, The linear interpolation formula therefore is

T16km — T8km .
3 Tiokm = Tgum T l—m (10km — 8/em)

=0.445 — 2 x 0.211/8 = 0.392.

The aerosol transmittance, using the maritime mode! value of 0.65/V, is 0.5¢ for a visual
range of 15 km. The composite transmittance is therefore

0.567 x 0.392 = 0.222.

The linear interpolation is simple and pioduces reasvonable accuracy. It can be applied 1o
interpolations between dew point temperaitures, ‘emperatures in 1he 8-12 um window, and
ranges in the 3-5 um window.

4. 3-S5 um Transmittance Nomogram

Figure 3-8 is a trensmitlance nomogram prepared from the data in Teble 3-.. ‘" apphes
only to trantmiuance in the 3-5 um band. The very nigh correlation betwesn the logerithkm of
the negative 'ogarithm of the transmittance and the logarithm of the rarge allowe Figure 3-8 o
predict transrittances in good agreement with thosc of Table 3.3,
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To use Figure 3-8 to predict atmospheric transmittance in the 3-S um band, lay a straight
edge on the correct dew point temperature and the range. Read the transmittance where the
straight edge intersects the transmittance column.

Al

piw

The nomogram also provides dew point temperature given range and transmittance, or
range given dew point temperature and transmittance. Simply lay the straight edge on the (wo
known quantities and read the third quantity where the straight edge intersects the correspond-

ing column.
Table 3-3 ~ 3-5 um Weighted Molecular Transmission
for Target Temperature of 10°C

Range T, O !
Gm) | 20 j st a0 ] s T o s [ o] s ] 2fas ;3 [ 35| 40—1'
5 | 740 | 725 | 708 | 689 | 667 | 644 | 620 | 595 | ¢ i 569 742 | Sla - 487 | 459,
1.0 | 683 | 663 | 640 | 615 | 589 | .562 | .533 | 504 | 474 | 445 | 417 | 388 i 3s9
20 | 611 | 585 | 557 | 529 | 498 | 467 | .436 ’ 405 | 375 | 345 1 316 ‘ 288 | 261!
40 | 524 | 494 | 463 | 430 | 397 | 365 | 333 ] 303 2737 246 | 220 194 ) 170
8.0 | 424 | 391 | 357 | 324 291 ! 260 | 23 I 204| 179 | 188 .133| A 09
16.0 | 314 | .281 | 248 | 217 | 189 | 464 | 140 188 | 098 | 080 i 063 - 048 | 035
32.0 | 207 { 177 | 150 | 126 | .105 | 086 | 069 | 054 | 041 j 029 | 020 | 013 | 008

Table 3-4 — 8-12 um Weighted Molecular Transmission for
Target Temperature of 10°C and Path Length R = 0.5 km

7 oo — —o P
A I R T T N I N T N AN T T
i 20§ 971 | | i ' i | ! ! )
| 15 om i 965 | | | i ; ! | ; 5
= 19| 972! 966 ! 958 : ! ‘
| s | 972 sts | 959 | eag | [ : | i
i 972 | 967 1 959 | 948 | 933 1 ? i
, S| 9731 967! 960 | 950 | 935 | 012 i ' I | f ; :
i 10| 973 | 968 | 961 | 951 | 936 | o1s !.382 | - ! ' . |
, 15 | 973 ! 968 | 961 | 952 i.938 | wio | s 1 840 ! i | :
: 20 | 973 | 568 |.962 |.952 939 | 920 | 891 . 847 D780 = : i
| 25 1 974 | 969 | 962 | 953 I.94o 922 | 89s = 85 700 oo . ! :
30 974 969 | C62 | 954 | 941 | 924 | 498 | 858 | 799 = 703 | See
35 | 974 | 969 | 963 | 954 | 342 1 926 1.901 | £63 | 807 C725 o612 }.i68 ! !
40 | 974 1_969 | 963 | 955 1_943 l,927 1 903 | 468 | 8150 737 | 628 | 489_l_}}i]
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Table 3-5 — 8-12 um Weighted Molecular Transmission for
Target Temperature of 10°C and Path Length R = 1 km

I, co Ty (°C) -
20 | as |0 ] s ]| 0 s {10 | 15 ] 20 ! 25 | 30 | 35 | 40
-20 | 952
-15 | 953 | 943
210 1 953 1 949 , 93 !
| K !,954 | 945 | 901 | 94| | | \ !
0 954 | 946 | 934 | 9i6 | 889 |
s | 955 | 947 | 935 | 918 | 893 | .854 !
10 | 955 | 947 | 936 | .920 | 896 | 859 | .803
15 1 956 ‘.948 937 1 921 | .898 ..864 81 | 732
20 | 956 |A948 938 | 923 | 901 | 868 | 818 | 743 | 636
| 25| 957 | 949 | 938 ) 924 ) 901 | 872 | 25} 754 | 652 | SIS | I [
30 | 957 |.949 939 | 925 | .905 , 875 l 831 | 764 | 666 | 535 | 378 |
35 | .957 © 950 | 940 | 926 | 907 |,973 836 | 7172 | 680 | ssa | 400 | 241
40 I 9534[7950 940 | 927 | 908 | 8%1 | 841 |.7so {692 | sm | a1 262 | 127
Table 3-6 — 8-12 um Weighied Molecular Transmission fer
Target Temp::rature of 10°C and Path Length R = 2 km
s e ~ 1
T, O Lo TR T, T ‘T_""'LIL‘_C"L’“"’ i Bt B i .
SR 4 N L e SO SO N L R 08 sys]xla
! 20 | 924 | ! ' , : : 1 LT | \
| s 9] o0 l o A | .
| c101 926§ 911 i 890 . ! i I [ i : ! ! |
| § 926 1 913 ;.892 861 ! | ; , | ! f i | |
| 0! 97! 914! 894 | 265 ! 820 ! | C
; S:.928 ¢ 915" 896 : 868 | &2 | 760 | | i | ' i i
- 101 920, 916 1 898 | 87 ‘.831 | o i.e77 | ; | |
; 155 929 F o1 | 899 | 874 | 536 | 778 | 691 | 568 i l ! i . |
| 20§ 930 | 918 © 901 | 877 | 840 l 185 i.703 l.sss 434 | [ | i :
251930 | 919 | 902 | 879 | 844 | 792 | 714 | 602 | as6 | 292 : : :
! 30| 931 | 919 | 903 | 31 | .88 | 208 | 720 [ 617 | 476 1 314 | 163 | \ :
i 35 oom | 020 L oos | a3 | st | g0y | 32 | en | aes | a5 | s | o7
| 40| 9mm]m |.9os__;§§4_14353 ‘;808_1.741_1 664 | 131 356 | 200 | 083 | 022
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220 | 15 | 10 | -5 0 5 10 | 15 | 20 [ 25 1 30 ! 35 | 40
-20 | 881
15 | .883 | 850
10 | 884 | 861 | 826
.57 886 | 864 | 831 | 7179
0| 887 | 866 | .834 | 786 | .711
5| 888 | 868 | 838 | 792 | 722 | 618
10 | 890 | 870 | 841 | 797 | 731 | 633 | 497
15| 891 | 871 | 843 | 802 | 739 | 646 | 516 | .356
20 | 892 | 873 | 846 | 806 | .746 | 658 | 534 | 378 | .05
I 25 ) 892 | 874 | 848 | 810 | .753 | 669 | 550 | 399 | .236 | 102
- 30 | 893 | 87 | 850 | 813 | .759 ) 679 | S65 | 418 | 256 | 117 | 035
! 35| 894 | 876 | 852 | 816 | 764 | 688 | 579 | 437 | 276 | .133 | .043 | .008
40 | 895 | 877 | 853 | 819 | .769 | 696 | .592 | 454 | .295 149 | 051 | 010 | 001
Table 3-8 — 8-12 um Weighted Molecular Transmission for
Target Temperature of 10°C and Path Lengih R = 8 km
| T, co - Ty €O -
20 | as | 0] s [ ol s [ o] s | 20 25! 301 35 [ 4
220 | 819
15 | 822 | 183
10 | 824 | 788 | 11 ! |
5| 827 792 738 | 656 |
0] 829 | 795 | 744 | 667 | .554
S| 8314 798 1 150 | 677 [ 570 | .425
10 | 833 | 801 | 755 | 686 | S84 | 445 | 281
15 ) 834 | 804 | 759 [ 693 | 597 | 463 | 303 | .150
20 | 836 | 806 | 763 | 700 | 608 | 480 | 323 | .168 | .059
25 | 837 | 808 [ 767 | 707 | 619 | 496 | 342 | 186 | 070 [ 015
30 ! 838 810 | 770 | 712 | 628 | 510 | 361 | .204 [ 082 | .020 | .002
35| 840 | 812 | 773 | M7 | 37| 523 | 378 | .222 | 094 | 025 | .0030 | 000
40 | 841 | 814 | 776 | 722 | 645 | 535 | 394 | 239 | 107 | 030 | 0040 | .0000 | .000
-y~ 239
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Table 3-7 — 8-12 um Weighted Molecular Transmission for
Target Temperature of 10°C and Path Length R = 4 km
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Table 3-9 — 8-12 um Weighted Molecular Transmission for
Target Temperature of 10°C and Path Length R = 16 km

T, ¢O T CO_
220 { 15 ] <10 | -S 0 5 10 | 15 20 2§ 30 38 40
20 | .730
2151 735 | 674
-0 | 739 | 681 | 595
-S| 743 | 688 | .606 | .487
0| .746 | 694 | 616 | 502 | .354
S| 749 | 699 | 625 | 517 | 3713 | 214
10 | 752 | 704 | 633 | 530 | .392 | 234 | 099
15 | 755 | 708 | 640 | .541 | .408 | .253 | 114 | .03
2010 757 | M2 | 640 | 552 | 424 | 2 ] 129 | 0391 006
25 [ 759 1 715 | 652 [ .562 | 438 | .289 | .144 | .047 | 0080 | .000
30 | 761 | M8 | 658 | 570 | 451 | .305 | 159 | .05 | 010 | .0010 | .000
35 1 .763 | 721 | 662 | 578 | 463 | 320 | 173 | .064 | 013 | 0010 | .0000 | .000
t a0l 765 | 724 | 667 | 586 | 474 | 335 | .188 | .074 [ .017 | .0020 | .0000 | 0000 | .000 |
Table 3-10 — 8-12 um Weighted Molecular Transmission {or
Target Temperature of 10°C and Path Length R = 32 km
—
T, () Tg ¢ fC)
2200 <15 <10 ] .8 0 5 10 | 15 20 25 30 35 40
.20 | 610 1
A8 | 617 | 527
10 | 624 | 538 | 417
-5 | 630 | 548 | 432 | 286
0 635 | 557 | .446 | 04 | .187
S 1640 | 565 [ 459 | 322 | 174 | .062
10| 644 | 572 | 470 | 337 | .190 | 0i3 | 015
15 | 648 | 579 | 481 | 352 ) 206 | 024 | 019 | 002
20 1 651 ) S84 | 390 | 365 | 222 .096 | 024 | 0030 | .000
25 | 654 | £90 | 499 | 378 | .236 | .108 | .030 | .0040 | .0000 | .000
30 | 657 | 594 | 506 | 389 | .250 | .119 | .036 | .0050 | .0000 | .0000 | .000
35 | 660 | 599 | 513 | 400 | .263 | .131 | .042 | .0070 | .0000 | .0000 | .000C 